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.2013.12.0Abstract The present study is concerned with the removal of phenol from aqueous solution by
adsorption onto low cost adsorbent. Luffa cylindrica ﬁbers, LC, were investigated as an adsorbent
for the removal of phenol. Batch adsorption experiments were performed as a function of pH, con-
tact time, phenol concentration, adsorbent dose and temperature. The optimum conditions for
maximum adsorption were attained at pH 7, LC dose of 3 g/L. Langmuir, Freundlich, Tempkin
and Dubinin–Radushkevich isotherm models were selected to evaluate the adsorption of phenol
on LC. It was found that the Langmuir isotherm model best ﬁts the phenol adsorption onto LC.
The pseudo-second-order rate equation as well as the micropore diffusion model described the
kinetic data well. The adsorption process was found to be an exothermic process. Thermodynamic
parameters of phenol adsorption were calculated. The FT-IR analysis conﬁrms that the adsorption
of phenol on LC has a good and favorable adsorptive capacity.
ª 2014 Production and hosting by Elsevier B.V. on behalf of National Institute of Oceanography and
Fisheries.Introduction
Phenolic compounds naturally occur in fossil fuels or are pro-
duced by the microbial decomposition of proteins, humic com-
pounds and lignin. Phenolic compounds are common raw1093161; fax: +20 3 4801553.
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11materials for manufacturing a great variety of chemical prod-
ucts such as petrochemicals, plastics, pesticides, pharmaceuti-
cals and dyes. Besides, they are also used to produce
phenolic, epoxy and polyamide resins (Ocampo-Perez et al.,
2011). Phenolic compounds are toxic and mutagenic at high
concentrations and may be absorbed by the human body
through the skin. The elimination of phenol is thus a major
necessity for environmental protection. Different techniques
have been developed to remove phenol from polluted water,
including chemical oxidation (Chedeville et al., 2009; Amin
et al., 2010), electrocoagulation (Abdelwahab et al., 2009; El-
Ashtoukhy et al., 2013), solvent extraction (Burghoff et al.,
2009; Yu et al., 2009), membrane separation (Shen et al.,
2009; Bo´dalo et al., 2009) and adsorption (Liu et al., 2010).ational Institute of Oceanography and Fisheries.
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to its cheapness and the high-quality of the treated efﬂuents
especially for well-designed sorption processes. Adsorption
by agricultural by-products used recently as an economical
and realistic method for removal of different pollutants has
proved to be efﬁcient at removing of phenol (Srivastava
et al., 2007; Henini et al., 2012).
Luffa cylindrica, LC, mainly consists of cellulose, hemicellu-
loses and lignin; of composition (60%, 30% and 10% by
weight, respectively) (Rowell et al., 2002). Cellulose structure
consists of monomeric unit of a b-D-glucopyranose linked
through 1,4-glucosidic linkage. Cellulose is renewable, cheap
and low in density, exhibits better processing ﬂexibility and is
a biodegradable material. Cellulose is a highly functionalized,
linear stiff chain homopolymer, characterized by its hydrophi-
licity, chirality, biodegradability and broad chemical modifying
capacity (Gupta et al., 2013). Because of its unique structure,
LC, has been used as an efﬁcient adsorbent or as a carrier for
immobilization of some microalgal cells for the removal of
water pollutants (Tanobe et al., 2005; Demir et al., 2008).
In this study, LC ﬁbers were investigated as an alternative
adsorbent for removing of phenol from aqueous solutions.
The adsorbed amounts of phenol were measured in equilib-
rium. Kinetic parameters were investigated to determine the
ratio of reaction time versus adsorbed amounts. The optimum
process temperature was also investigated.Experimental part
Adsorbent preparation
Luffa cylindrica (LC) was purchased from a local specialty
shop in Alexandria, Egypt. It was washed with tap water to re-
move the adhering dirt followed by distilled water. Then it was
dried in an oven until constant weight. After drying it was cut
into small pieces, fractionated by sieving for obtaining parti-
cles of an average size of 0.5 mm. After then, it was stored in
closed bottles. FT-IR analysis using (FTIR-8400S), Shimadzu,
Japan in solid phase was performed before and after use of LC
to get qualitative and preliminary information of the main
functional groups that might be involved in phenol uptake.
Reagents and analytical measurements
Analytical grade of phenol (C6H5OH) was used for the prepa-
ration of the synthetic adsorbate solutions of various initial
concentrations in the range of 5–40 mg/L. A stock solution
was prepared by dissolving the required amount of phenol in
distilled water without pH adjustment. It was stored in a
brown colored glass reservoir to prevent photo-oxidation.
Working solutions of the desired concentrations were obtained
by successive dilutions. The initial concentration of phenol was
ascertained before the start of each experimental run. The con-
centration of phenol in the solutions was determined by 4-
AAP (4-amino antipyrin and red potassium prussiate) spectro-
photometry by 722SP visible spectrophotometer (Shanghai
Lengguang Instrument Co. Ltd) at 510 nm (Eryomin et al.,
2006). The calibration plot of absorbance versus concentration
for phenol showed a linear variation up to 40 mg/L concentra-
tions. Therefore, the concentrations of phenol greater than
40 mg/L were diluted with distilled water, to bring down tothe concentrations less than 40 mg/L. Two replicates per sam-
ple were done and the average results are presented. The pH of
the solution was adjusted with HCl or NaOH solution by using
a pH meter. All reagents were of AR grade.
Batch studies
The batch studies were performed to study the removal of phe-
nol from aqueous solution. A predetermined amount of adsor-
bent was added to 100 mL solution of known concentration in
250 mL Erlenmeyer ﬂasks at temperature 20 C and agitated at
150 rpm on thermostatic orbital shaker (Scigenics Biotech
ORBITEK) for 120 min. At predetermined time interval, the
adsorbent was separated by centrifugation at 4000 rpm for
10 min. The residual phenol concentration in the supernatant
was determined as stated before. The phenol removal percent
was calculated for each run by the following equation:
Removal% ¼ C0  Cf
C0
 100 ð1Þ
where C0 and Cf are the initial and ﬁnal concentrations of phe-
nol in the solution in mg/L.
The phenol uptake loading capacity (mg/g) of LC for each
concentration of phenol at equilibrium was determined as
follows:
qe ¼
ðC0  CeÞ
W
ð2Þ
where Ce is the equilibrium concentrations of the phenols (mg/
L) in solution, W is the dose of adsorbent (g/L).
The kinetic studies were performed following a similar pro-
cedure at 20 C, the initial phenol concentration was set (5–
40 mg/L), and the samples were separated at predetermined
time intervals. The uptake of the adsorbate at time t, qt (mg/g),
was calculated by the following equation:
qt ¼
ðC0  CtÞ
W
ð3Þ
Results and discussion
Characterization of adsorbent
FTIR spectra of Luffa cylindrica (LC) and phenol sorbed LC
are presented in Fig. 1. A band at about 3418 cm1 could be
assigned to OH stretching vibrations. The peak at about
2916 cm1 was attributed to the asymmetric and symmetric
stretching vibrations of CH2 and CH3. The band around
1638 cm1 was associated with C‚C and C‚O stretching in
the aromatic ring (Tanobe et al., 2005). The peak at
1056 cm1 may be due to C–O stretching vibrations (Gupta
et al., 2013). Also it is important to notice that the band inten-
sities decreased in the FTIR spectrum of phenol loaded LC be-
cause the functional groups of the LC surface have been
occupied with phenol (Senturk et al., 2009). This study demon-
strated that phenol was adsorbed and penetrated into the inter-
layer space of the LC.
Optimization of adsorption parameters
The optimization of different adsorption parameters such
as pH of solution, phenol concentration, dose of LC and
Figure 1 FTIR spectra of (a) raw LC ﬁber and (b) LC loaded
phenol sample.
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Figure 3 Effect of pH on the percent removal of phenol by LC
(initial concentration = 20 mg/L, dose of LC = 1 g/L, contact
time = 2 h, temp = 20 C).
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nol onto Luffa cylindrica ﬁbers.
Effect of dosage of adsorbent
The effect of the adsorbent dose on percentage of phenol re-
moval was studied at 20 C and pH 7. Fig. 2, shows the inﬂu-
ence of LC dosage on phenol removal percent and adsorption
capacity, to ﬁnd the minimum dosage for the maximum phenol
removal. It can be observed that the percentage of phenol re-
moval increased with increasing adsorbent dose. When the
adsorbent dose increases, the number of sorption sites at the
adsorbent surface will increase, as a result increasing the per-
centage of phenol removal from the solution (Mohd Salleh
et al., 2011; Ofomaja, 2008). On the other hand, the increase
in the LC doses promotes a remarkable decrease in the amount
of phenol uptake per gram of adsorbent, qe, (Fig. 2). This ef-
fect that can be mathematically explained by Cardoso et al.,
by the following equation (Cardoso et al., 2011)
qe ¼
%R C0
100W ð4Þ
As observed in the Eq. (4), the amount of phenol uptake,
qe, and the adsorbent dosage, W, are inversely proportional.
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Figure 2 Effect of absorbent dosage on the phenol adsorption
onto LC at the given conditions (pH = 7, C0 = 20 mg/L,
temp = 20 C).a decrease in qe values, since the initial phenol concentration
(C0) is always ﬁxed. These results clearly indicate that the
LC dosages must be ﬁxed at 3 g/L, which is the dosage that
corresponds to the minimum amount of adsorbent that leads
to constant phenol removal. LC dosages were therefore ﬁxed
at 3 g/L for the entire experiments.
Effect of solution pH on dye adsorption
The pH has an important effect on phenol adsorption since the
pH of the medium will control the magnitude of the electro-
static charges that are imparted by ionized phenol molecules.
As a result the rate of adsorption will vary with pH of an aque-
ous medium (Senturk et al., 2009). Fig. 3 shows the inﬂuence
of solution pH on phenol removal by LC in the pH range from
2.0 to 12.0. The phenol removal increases with pH from 2.0 to
4.0 and remains constant from 4.0 to 9.0, then sharply de-
creases at pH >9. The maximum adsorption is attained at
pH of 4.0. At pH 2.0, there are many positive charges on the
surface of LC, which give a large static repulsion force. As
pH increases from 2.0 to 4.0 the static repulsion force decreases
and the phenol adsorption increases. At pH >9, the decrease
of phenol adsorption may have resulted from the following
reasons. (i) The negative charges on the surface of adsorbent
increase with pH and phenol changes from molecular state
to ionic state, which makes the repulsion force between phenol
ions and the activated carbon signiﬁcant. (ii) The phenol ions
adsorbed by LC also have a repulsion force between them-
selves. (iii) The negative charges on the surface of LC are
repulsive that represses the disaggregation of phenol ions
and phenol adsorption (Guocheng et al., 2011). Since removal
percent got small variations in the range 4–9, therefore pH 7,
the normal pH of phenol solution, was selected as an optimum
pH value for further adsorption experiments.
Effect of initial phenol concentration
Fig. 4 shows the effect of the initial concentration on the per-
centage removal of phenol and adsorption capacity of LC for
each concentration at 20 C and pH 7. The amount of phenol
adsorbed decreased with increasing initial phenol concentra-
tion. This may be due to the saturation of the adsorption sites
at higher phenol concentrations. Meanwhile, the amount of
phenol adsorbed per the same dose of LC increased with
increasing initial phenol concentration. The initial phenol
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Figure 4 Effect of phenol concentration on percentage phenol
removal and adsorption capacity of LC (pH= 7, LC dose = 3 g/L,
temp = 20 C).
218 O. Abdelwahab, N.K. Aminconcentration provides an important driving force to over-
come all mass transfer resistance. Hence a higher initial con-
centration of phenol tends to enhance the adsorption
capacity. A similar phenomenon was observed for the adsorp-
tion of phenol onto organobentonite (Ocampo-Perez et al.,
2011) and lignite activated carbon (Guocheng et al., 2011).
Effect of temperature
Temperature is an indicator for the adsorption nature whether
it is an exothermic or endothermic process. As mentioned by
Senthilkumaar et al. (2006), if the phenol percentage removal
increases with increasing temperature then the adsorption is
an endothermic process. This may be due to increasing the
mobility of the phenol and an increase in the number of
active sites for the adsorption with increasing temperature
(Senthilkumaar et al., 2006). Increasing temperature may
decrease the adsorptive forces between the phenol species
and the active sites on the adsorbent surface as a result of
decreasing adsorption efﬁciency (Ofomaja and Ho, 2007).
The effect of temperature on the removal percent of phenol
was studied in the temperature range of 20–50 C as shown in
Fig. 5. The maximum removal was observed at 20 C, further
increase in temperature leads to the decrease in removal per-
cent. According to Ofomaja and Ho (2007), the decrease in
the percentage removal of phenol with increasing temperature
is due to the weakening of the sorptive forces between the0 
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Figure 5 Effect of temperature on percent removal of phenol by
LC (pH= 7, LC dose = 3 g/L, phenol conc. = 20 mg/L).active sites on the sorbent and the phenol species, and also
between adjacent phenol molecules on the adsorbed phase.Adsorption isotherm
The Langmuir (Langmuir, 1916), Freundlich (Freundlich,
1906), Tempkin (Tempkin and Pyozhev, 1940) and Dubinin–
Radushkevich (Dubinin, 1960) isotherm models were selected
in this study to evaluate the adsorption of phenol on LC.
The Langmuir isotherm (Eq. (5)) used single component
adsorption model.
qe ¼
qmKLCe
1þ KLCe ð5Þ
where qe (mg/g) is the amount adsorbed at equilibrium; qm
(mg/g) is the maximum adsorption capacity; and KL (L/mg)
is the Langmuir constant related to the energy of adsorption.
The Freundlich expression is an equation based on heteroge-
neous surfaces suggesting that binding sites are not equivalent
and/or independent (Holan et al., 1993). The Freundlich equa-
tion is given by,
qe ¼ KfC1=ne ð6Þ
where Kf [mg/g (L/mg)
1/n] and n are Freundlich isotherm con-
stants. The constant Kf is the measure of adsorption capacity,
and 1/n is the measure of adsorption intensity.
Tempkin isotherm, assumes that the heat of adsorption de-
creases linearly with the coverage due to adsorbent–adsorbate
interaction (Vijayaraghavan et al., 2006). The Tempkin iso-
therm has generally been applied in the following linear form:
qe ¼ B lnAþ B lnCe ð7Þ
B ¼ RT
b
ð8Þ
where A (L/g) is Tempkin isotherm constant, b (J/mol) is a
constant related to heat of sorption, R is the gas constant
(8.314 J/mol K) and T the absolute temperature (K). A plot
of qe versus ln Ce enables the determination of the isotherm
constants A, b from the slope and intercept.
Dubinin–Radushkevich (D–R) isotherm is another iso-
therm equation that was proposed by Dubinin (Dubinin,
1960). He assumed that the characteristics of the sorption
curves are related to the porosity of the adsorbent. The linear
form of the isotherm can be expressed as follows:
ln qe ¼ lnQD  BDe2 ð9Þ
where QD is the theoretical maximum capacity (mol/g), BD is
the D–R model constant (mol2/kJ2), e is the Polanyi potential
and is equal to
e ¼ RT ln 1þ 1
Ce
 
ð10Þ
The mean energy of sorption, E (kJ/mol), is calculated by
the following equation E ¼ 1ﬃﬃﬃﬃﬃﬃ
2BD
p :
Fig. 6, shows the adsorption isotherms of phenol on LC at
an initial solution pH of 7. The uptake of phenol increased
with increasing equilibrium concentration. The isotherm
parameters and the regression values are listed in Table 1.
The adsorption equilibrium data ﬁtted well to the Langmuir
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Figure 6 Equilibrium isotherms for the removal of phenol onto
LC.
Table 1 Values of isotherm constants for phenol adsorption
onto LC.
Isotherm model Parameters Values
Langmuir qm 9.250694
KL 0.198167
r2 0.9921
% Error 6.69349
Freundlich KF 1.770517
nF 1.897173
r2 0.9454
% Error 10.23879
Tempkin b 2.1141
A 1.838429
r2 0.951
% Error 9.43757
D–R QD 5.9263
E 5.00E-07
r2 0.8416
% Error 16.16281
Adsorption of phenol from aqueous solutions by Luffa cylindrica ﬁbers 219model. Value of n in the Freundlich model between 2 and 10
shows good adsorption (Erdem et al., 2005).
Percentage error function of non-linear regression basin
was used to measure the isotherm constants and compare them
with the less accurate linearized analysis values (r2 values). Per-
centage error is calculated as follows:
%Error ¼ 1
m
Xm
i¼1
ðqexp;i  qcalc;iÞ
qexp;i
ð11Þ
where the subscripts ‘‘exp’’ and ‘‘calc’’ show the experimen-
tal and calculated values (Table 1) and m is the number of
measurements.
By comparing the values of % error, it was found that the
Langmuir isotherm model shows best ﬁt of the phenol adsorp-
tion onto LC. The model shows high correlation coefﬁcient
and low% error value. Meanwhile Fig. 6 shows plots compar-
ing different isotherm equations with experimental data. The
ﬁgure shows an excellent ﬁt of Langmuir model with experi-
mental data for the removal of phenol onto LC, which con-
ﬁrms the results obtained by error analysis. The adsorption
capacity of LC for phenol can be expressed as a function of ini-
tial phenol concentration as follows:qe ¼
1:74Ce
1þ 0:168Ce ; r
2 ¼ 0:9667 ð12Þ
Adsorption capacity was found to be 10.35 mg/g of adsor-
bent which is comparable to that of other adsorbents used in
the literature (Senturk et al., 2009; Liao et al., 2008; Vazquez
et al., 2007; Shen et al., 2009). The adsorption capacity varies
and depends mainly on the initial phenol concentration and
characteristics of the individual adsorbent. Nevertheless, the
current experiments were carried out to ﬁnd the technical
applicability of the cheaply available adsorbents to treat
phenol.Adsorption kinetics
In the kinetic models, it is normally assumed that the overall
rate of adsorption is exclusively controlled by the adsorption
rate of the solute on the surface of the adsorbent, and the
intraparticle diffusion and external mass transport can be ne-
glected. Moreover, it is considered that the adsorption rate
of a solute on the surface can be represented in the same man-
ner as the rate of a chemical reaction (Ocampo-Perez et al.,
2011). The adsorption kinetics is commonly modeled with
the pseudo-ﬁrst-order (Lagergren, 1898) and pseudo-second-
order (Ho, 1995). The equations of the two kinetic models
are described next.
The Lagergren equation, a pseudo-ﬁrst-order equation, de-
scribes the kinetics of adsorption process for the boundary
conditions t= 0 to t= t and qt = 0 to qt = qt as follows:qt ¼ qeð1 expðk1tÞÞ ð13Þ
where qe is the amount of phenol adsorbed at equilibrium
(mg/g), qt is the amount of phenol adsorbed at time t (mg/g)
and k1 is the rate constant of pseudo-ﬁrst order adsorption
(min1).
On the other hand, the pseudo-second-order model can be
expressed in the following form for boundary conditions t= t
and qt = 0 to qt = qt
qt ¼
q2ek2t
1þ qek2t
ð14Þ
where k2 is the rate constant of pseudo second order adsorp-
tion (g/(mg min)).
The experimental results of the phenol uptake, qt, versus
time were ﬁtted to the above mentioned models by the method
of nonlinear regression. The results are shown in Table 2 and
Fig. 7a and b. It is obvious from the plots of qt versus t that an
increase in initial concentration leads to the increase in adsorp-
tion capacity, qe this indicates that the initial phenol concentra-
tion is an important parameter in determining the adsorption
capacity of phenol uptake onto LC. It is observed from
Fig. 7a that the adsorption data were well represented by
Lagergren’s model only for low initial phenol concentrations
(5–10 mg/L phenol concentrations) while, higher phenol
concentrations deviate from theory. The values of theoretical
adsorption capacity, qe, calculated from Lagergren’s model
are lower than the values observed experimentally, qexp, for
adsorption of phenol onto LC. Meanwhile, the values of the
coefﬁcient of determination, r2, decrease with the increase in
initial phenol concentration for adsorption of phenol on LC
which means that it is not appropriate to use Lagergren’s
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Figure 7 The ﬁtting of (a) pseudo ﬁrst order model and (b)
pseudo second order model for adsorption of phenol on LC, at
different initial concentrations.
Table 2 Kinetic and diffusion parameters for adsorption of phenol onto LC at different initial phenol concentrations.
Phenol conc. (mg/L) qe (exp) mg/g First order Second order Intraparticle diﬀusion
qe,cal. k1 (min
1) r2 qe,cal. k2 (g/(mg min)) r
2 ki (mg/(gmin)) r
2
5 1.584 1.497 0.02418 0.9315 1.498 0.01140 0.9952 0.1488 0.9961
10 3 2.794 0.02234 0.9632 2.837 0.00560 0.9933 0.2856 0.9939
15 4.26 4.149 0.0304 0.9223 4.204 0.00270 0.9709 0.4411 0.9955
20 5.608 4.976 0.0182 0.9762 5.560 0.00100 0.9724 0.5672 0.9881
25 5.5 5.27 0.02649 0.9666 5.499 0.00015 0.9787 0.6398 0.9868
30 6.48 6.093 0.02349 0.9453 6.383 0.00088 0.9619 0.7508 0.9882
40 8.384 7.793 0.02211 0.9004 8.116 0.00056 0.9674 0.9537 0.9971
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Figure 8 Intraparticle diffusion plots for adsorption of phenol
on LC at different initial concentrations.
220 O. Abdelwahab, N.K. Aminmodel for the prediction of the kinetics of phenol adsorption
on LC for phenol concentrations higher than 10 mg/L.
The kinetic data were further analyzed using the pseudo
second order model of Eq. (14). It is obvious from
Fig. 7b that the pseudo second order model ﬁts the experi-
mental data better than Lagergren’s model for the entire
adsorption period of phenol concentrations up to 40 mg/L.
Moreover, it was noticed from the regression data in Table 2
that the values of qe,calc, obtained from the pseudo second
order model, are closer to the experimental results than qe,cl,
obtained from Lagergren’s model. Furthermore, for different
concentrations of phenol, the constants calculated from the
plots are given in Table 2. The r2 values are excellent and
calculated qe values match well with experimental ones.
Therefore, the sorption of phenol by LC follows the sec-
ond-order reaction kinetics. Thus supporting the basicassumption in the model that chemisorption plays a major
role in this adsorption system.Diffusional model
It is well documented in the literature that the overall adsorp-
tion rate in a porous adsorbent must consider the three follow-
ing steps: external mass transport, intraparticle diffusion and
adsorption on an active site inside the pores. The overall rate
of adsorption is controlled by either ﬁlm or intraparticle diffu-
sion, or a combination of both mechanisms (Ocampo-Perez
et al., 2011).
The intraparticle diffusion parameter, ki, is deﬁned by the
following equation (Weber and Morris, 1963):
qt ¼ kit0:5 þ c ð15Þ
where ki is the intraparticle diffusion constant (mg/(g min
0.5)),
and c is the intercept. The intraparticle diffusion plots of the
experimental results, qt versus t
0.5 for different initial phenol
concentrations at 20 C and LC dose of 3 g/L are shown in
Fig. 8. The values of ki, and the correlation coefﬁcients r
2 ob-
tained from intraparticle diffusion plots are given in Table 2.
In Fig. 8, it can be seen that there are mainly three linear re-
gions. The second linear region is related to intraparticle diffu-
sion. In general, ki was found to increase while increasing the
initial phenol concentration, which can be due to the greater
concentration driving force (O¨zer and Dursun, 2007). Fig. 8,
shows that the linear plot did not pass through the origin
which indicated that the intraparticle diffusion was not the
only rate controlling step and the boundary layer diffusion
controlled the adsorption to some degree (Cheung et al.,
Table 3 Thermodynamic parameters of adsorption of phenol
onto LC.
Temp. DG0 (J/mol) DS0 (J/mol) DH0 (J/mol)
20 1866.47 126.47 32749.7
30 666.724
40 515.70
50 102
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Figure 9 Boyd plots for the adsorption of phenol onto LC.
Adsorption of phenol from aqueous solutions by Luffa cylindrica ﬁbers 2212007). This deviation may be due to the difference in mass
transfer rate in the initial and ﬁnal stages of adsorption.
In order to determine the actual rate controlling steps of
adsorption of phenol onto LC, the experimental data were fur-
ther analyzed by the expression of Boyd et al. (1947). If the
rate-determining step is diffusion through the adsorbent, then
the following equation is valid.
F ¼ 1 6
p2
expðBtÞ ð16Þ
where F is the extent of exchange at time t, which has been
determined as ðqt
qe
Þ and B is the time co-ordinate of Boyd’s
equation and is expressed in terms of the effective diffusion
coefﬁcient Di and particle radius rp as:
B ¼ p
2Di
r2p
ð17Þ
According to the Eq. (16), F is a function of B and t only
and is thus independent of the concentration of the external
solution. Eq. (16) can be rearranged to
Bt ¼ 0:4977 lnð1 FÞ ð18Þ
The values of Bt were calculated from Eq. (18). Then a plot
of t versus Bt is used to ﬁnd whether the process is ﬁlm or par-
ticle diffusion controlled. The value of Bt is calculated for each
qt value and then plotted against t. From this plot, it is achiev-
able to ﬁnd out whether intraparticle diffusion or external
transport controls the rate of adsorption. The rate controlling
step is pore diffusion if this plot is linear and passes through
the origin. Otherwise surface (ﬁlm) diffusion is the rate con-
trolling step (El-Khaiary, 2007). The t versus Bt plots are pre-
sented in Fig. 9. The plots are only linear in the initial period of
adsorption and do not pass through the origin, indicating that
external mass transfer is the rate limiting process in the begin-
ning of adsorption for LC.Thermodynamic study
Thermodynamic parameters such as standard free energy
change (DG0), standard enthalpy change (DH0) and standardentropy change (DS0) can be calculated using the following
equation (Liu et al., 2012):
lnKc ¼ DG
0
RT
¼ DS
0
R
¼ DH
0
RT
ð19Þ
where, Kc is equilibrium constant resulting from the ratio of
the equilibrium concentrations of the phenol on an adsorbent
in the solution. DG0, DH0 and DS0 can be calculated from a
plot of ln (Kc) versus 1/T.
The thermodynamic parameters of the phenol adsorption
onto LC are given in Table 3. The standard Gibbs free energies
(DG0) of adsorption were negative at all investigated tempera-
tures. The negative values of DG0 of the adsorption conﬁrmed
that the adsorption of phenol onto LC was feasible and spon-
taneous (Fu et al., 2009). In addition, the DG0 values increased
as the temperature increased, suggesting that adsorption might
be more spontaneous at lower temperature. Generally, the
range of free energy values (DG0) for physisorption is between
20 and 0 kJ/mol, while chemisorption is between 80 and
400 kJ/mol (Su et al., 2011). This further indicated that the
adsorption of the phenol onto LC was by physisorption. The
change in adsorption standard enthalpy (DH0) for phenol ad-
sorbed onto LC was 32.7 kJ/mol, indicating loose bonding
between the phenol and LC since phenol was adsorbed and
penetrated into the interlayer space of adsorbent, indicating
that the adsorption process was exothermic (Su et al., 2011).
The adsorption of phenol onto modiﬁed LC can be concluded
to be via physicosorption since the change in the standard en-
thalpy is less than 40.0 kJ/mol (Canizares et al., 2006). The
standard entropy change (DS0) for phenol adsorbed onto LC
was 126.47 J/mol. The negative value of DS0 suggested a de-
crease in degree of freedom of the adsorbed phenol (Fu et al.,
2009). Similar results were reported in the literature for the
adsorption of phenol by organomontmorillonit (Fu et al.,
2009) and adsorption of phenol onto chemically modiﬁed acti-
vated carbon (Canizares et al., 2006).
Conclusions
The adsorption of phenol using Luffa cylindrica ﬁbers was
investigated. The adsorption of phenol was found to be depen-
dent on the pH solution, initial phenol concentration, contact
time and temperature. The maximum removal of phenol was
attained at pH 7, LC dose of 3 g/L using phenol concentration
of 20 mg/L. The equilibrium adsorption data were best repre-
sented by the Langmuir isotherm, indicating monolayer
adsorption on a homogenous surface and the adsorption
capacity was found to be 10.37 mg/g at 20 C. The adsorption
kinetic was described well by the pseudo-second-order model,
while the intraparticle diffusion was not the only rate control-
ling step of the adsorption process. The adsorption is more
222 O. Abdelwahab, N.K. Aminspontaneous at lower temperatures, tends to be exothermic.
The FT-IR analysis indicates that after adsorption the pores
of the adsorbent are covered with phenol. Thus, local raw
materials could be used to prepare an adsorbent with a good
and favorable adsorptive capacity.
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